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ABSTRACT

The Sf9 cell line, derived from Spodoptera frugiperda, is used as a cell substrate for biological products, and no viruses have been
reported in this cell line after extensive testing. We used degenerate PCR assays and massively parallel sequencing (MPS) to iden-
tify a novel RNA virus belonging to the order Mononegavirales in Sf9 cells. Sequence analysis of the assembled virus genome
showed the presence of five open reading frames (ORFs) corresponding to the genes for the N, P, M, G, and L proteins in other
rhabdoviruses and an unknown ORF of 111 amino acids located between the G- and L-protein genes. BLAST searches indicated
that the S. frugiperda rhabdovirus (Sf-rhabdovirus) was related in a limited region of the L-protein gene to Taastrup virus, a
newly discovered member of the Mononegavirales from a leafhopper (Hemiptera), and also to plant rhabdoviruses, particularly
in the genus Cytorhabdovirus. Phylogenetic analysis of sequences in the L-protein gene indicated that Sf-rhabdovirus is a novel
virus that branched with Taastrup virus. Rhabdovirus morphology was confirmed by transmission electron microscopy of fil-
tered supernatant samples from Sf9 cells. Infectivity studies indicated potential transient infection by Sf-rhabdovirus in other
insect cell lines, but there was no evidence of entry or virus replication in human cell lines. Sf-rhabdovirus sequences were also
found in the Sf21 parental cell line of Sf9 cells but not in other insect cell lines, such as BT1-TN-5B1-4 (Tn5; High Five) cells and
Schneider’s Drosophila line 2 [D.Mel.(2); SL2] cells, indicating a species-specific infection. The results indicate that conventional
methods may be complemented by state-of-the-art technologies with extensive bioinformatics analysis for identification of
novel viruses.

IMPORTANCE

The Spodoptera frugiperda Sf9 cell line is used as a cell substrate for the development and manufacture of biological products.
Extensive testing has not previously identified any viruses in this cell line. This paper reports on the identification and character-
ization of a novel rhabdovirus in Sf9 cells. This was accomplished through the use of next-generation sequencing platforms, de
novo assembly tools, and extensive bioinformatics analysis. Rhabdovirus identification was further confirmed by transmission
electron microscopy. Infectivity studies showed the lack of replication of Sf-rhabdovirus in human cell lines. The overall study
highlights the use of a combinatorial testing approach including conventional methods and new technologies for evaluation of
cell lines for unexpected viruses and use of comprehensive bioinformatics strategies for obtaining confident next-generation
sequencing results.

Baculovirus-insect cell expression systems are a robust plat-
form for recombinant protein expression and have been used

for the development of various investigational biological products
and the manufacture of two U.S.-licensed viral vaccines (1). Since
insects are phylogenetically distant from humans, the use of in-
sect-derived cell lines (for example, High Five cells from Trichop-
lusia ni and Sf21 and Sf9 cells from Spodoptera frugiperda) for the
manufacture of biological products is generally considered to have
fewer safety concerns related to adventitious viruses than the use
of mammalian cells. A comprehensive strategy to mitigate the risk
of contamination in biologicals is still applicable for product
safety. This includes extensive testing of biological products, in-
cluding the starting materials, such as cell lines and cell culture
reagents involved in the product manufacture, using a variety of
general and specific assays at various stages of production (2). The
currently recommended assays can demonstrate the absence of
known agents; however, the presence of novel and inapparent
viruses may not be detected by these assays.

The new technologies for broad virus detection that have
emerged, such as massively parallel sequencing (MPS), virus mi-
croarrays, and long-range PCR with mass spectrometry, have re-
sulted in the discovery of novel viruses in clinical materials, envi-

ronmental samples, as well as some biological products. These
methods are capable of detecting unexpected and novel viruses in
biological products (3) and therefore may complement the cur-
rent adventitious virus testing for characterization and evaluation
of novel cell substrates (4). Additionally, MPS may be used to fill a
knowledge gap regarding endogenous and indigenous viruses in
species where little information exists, such as insect cells. This
study describes the use of conventional methods and advanced
technologies with extensive bioinformatics analysis to identify an
unexpected, novel rhabdovirus in Sf9 cells that is more closely
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related to plant rhabdoviruses than to invertebrate or vertebrate
rhabdoviruses and phylogenetically branches with the Taastrup
virus, a newly discovered member of the family of Mononegavi-
rales from a leafhopper (Hemiptera).

MATERIALS AND METHODS
Cell lines. The Sf9 cell line, a clonal isolate of Sf21 cells, which were
derived from pupal ovarian tissue of S. frugiperda, was obtained from the
American Type Culture Collection (ATCC; catalogue number CRL-1711,
lot no. 58078522; Manassas, VA) and grown as an adherent culture in
Grace’s supplemented insect medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS; heat inactivated at 56°C for 30 min; certified
for insect cells; HyClone, Logan, UT), 2 mM L-glutamine, 100 U of peni-
cillin per ml, and 100 �g of streptomycin per ml (Quality Biologicals Inc.,
Gaithersburg, MD).

Frozen cells that were used without culturing for direct PCR analysis
included Sf9 cells (ATCC and Invitrogen), Sf21 cells (Invitrogen), High
Five cells (BT1-TN-5B1-4; Trichoplusia ni ovarian cells; Invitrogen), and
Schneider’s Drosophila line 2 cells [D.Mel.(2); SL2 cells; Drosophila mela-
nogaster embryo cells; ATCC] (5).

Mammalian cell lines used for infectivity studies were obtained from
ATCC. Vero, A204, and Raji cells were grown as previously described (6);
MRC-5 cells were grown using the same medium used for Vero cells,
except that it was supplemented with 10% FBS; and A549 cells were
grown in Dulbecco’s modified Eagle’s minimal essential medium (In-
vitrogen) supplemented with 10% FBS. All media were supplemented
with 2 mM L-glutamine, 100 U of penicillin per ml, and 100 �g of
streptomycin per ml.

High Five cells were grown in Express Five serum-free medium (SFM)
(Invitrogen). SL2 cells were grown in Schneider’s Drosophila medium
(Invitrogen) supplemented with 10% heat-inactivated FBS (certified for
insect cells).

Transmission electron microscopy (TEM). Filtered supernatant
from Sf9 cells was concentrated for evaluation by electron microscopy
(EM). Negative staining at SGS Vitrology (Glasgow, United Kingdom)
was done according to previously published procedures (7–10). Viral par-
ticles were quantified using thin sections of the pellet produced from 10
ml sample by low-speed clarification (11,000 � g, 10 min), filtration (pore
size, 0.45 �m), and ultracentrifugation (150,000 � g for 3 h). Viral quan-
tification was done as previously described (8, 10) and was based upon
counting of 1,344 particles in 10 grid squares. For negative-staining elec-
tron microscopy, the pellet from 5 ml Sf9 cells was resuspended in 25 �l,
and 2 �l was used.

Negative staining at NIAID, NIH (Rocky Mountain Laboratories,
Hamilton, MT), was done using 5 �l of 131�-concentrated sample (10
�l), obtained by treating the Sf9 cell supernatant with 2% paraformalde-
hyde (final concentration in 1.5 ml) for 1 h at room temperature prior to
ultracentrifugation at 125,000 � g for 20 h at 4°C.

Cyro-EM was performed by NanoImaging, Inc. (San Diego, CA), us-
ing 3 �l of Sf9 cell supernatant that had been concentrated 30 times se-

quentially using centrifugal filters with 1,000,000- and 300,000-molecu-
lar-weight cutoffs (Pall Corporation, Port Washington, NY).

RNA extraction, reverse transcriptase (RT) PCR, and nucleotide se-
quencing of cloned DNAs. Concentrated (1,000�) Sf9 cell supernatant
was prepared by pooling medium from cells at confluence, filtering (pore
size, 0.45 �m; Corning, Corning, NY), and ultracentrifugation at
125,000 � g for 20 h at 4°C. RNAs were extracted from 40 �l of 1,000�-
concentrated Sf9 cell supernatant or from 116 �l of 1�-concentrated
supernatant using a QIAamp viral RNA minikit (Qiagen, Germantown,
MD) after DNase digestion (Promega, Madison, WI) by incubation at
37°C for 60 min. Total cell RNAs were prepared from a pellet of cultured
cells or from a vial of frozen cells using an RNeasy Plus minikit (Qiagen).
cDNA syntheses from supernatant RNAs or cell RNAs were done using an
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).

PCR amplifications were done using TaKaRa Ex Taq kits (TaKaRa Bio
Inc., Shiga, Japan) and published retroviral degenerate primers and con-
ditions (degenerate primers dERV [11] and MOP [12]) or newly designed
virus-specific primer pairs (Table 1) and the following PCR conditions:
94°C for 3 min and 35 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for
1 min, followed by 72°C for 10 min. PCR-amplified DNA fragments were
isolated and sequenced as previously described (6). Sequence analysis was
done using the BLAST (http://blast.ncbi.nlm.nih.gov/) and the Pfam (ver-
sion 27.0; http://pfam.sanger.ac.uk/) programs.

Sucrose gradient analysis. One milliliter of filtered Sf9 cell superna-
tant was added to the top of a linear sucrose gradient (10 ml; 0% to 60%),
which was centrifuged at 125,000 � g for 16 h. Fractions (500 �l each)
were removed from the top, the density of each fraction was determined
using a refractometer, and 116 �l of each fraction was used for RNA
extraction (described above).

Massively parallel sequencing and bioinformatics analysis. The Sf9
cell pellet (2 � 107 cells, stored at �80°C) and filtered supernatant (12 ml,
collected at passage 20 [p20]) were sent to BioReliance (Rockville, MD)
for sequencing using the 454 Roche titanium technology. The supernatant
was concentrated and nuclease treated prior to extraction of encapsidated
nucleic acid. Total RNAs were prepared from the cell pellet. The two
libraries were constructed by the Roche rapid library preparation method
using poly(A)� cDNA. The cDNA library was sequenced on one, full
sequencing plate on a GS FLX sequencer following the Roche sequencing
procedures. The total number of quality reads obtained for the cell RNA
transcriptome was 1,404,845, and the average length was 392 bases. The
read number from supernatant RNA was 1,175,910, and the average read
length was 243 bases. The raw sequence reads were compiled by the GS
FLX sequencer instrument software (gsRunProcessor and gsRunBrowser)
into .fna (FASTA format) raw data files.

Read assembly and sequence analysis in our lab were done using the de
novo assembly and BLAST (13) tools of CLC genomics workbench soft-
ware, version 5.5.2 (CLC bio, Denmark). The 13,534-bp genome (Gen-
Bank accession number KF947078) was assembled on 17 June 2013; how-
ever, BLAST searches continued until submission of the manuscript. At
BioReliance, BLAST searches of the sequences against the sequences in its

TABLE 1 Sf-rhabdovirus-specific primers in the L-protein gene

Primer Sequencea (5=¡ 3[prime]) Nucleotide positionb Expected size (bp)

Mono-1 GGCAAGGCTGTTTGGATTACTGACC 8365–8389
Mono-2 ACAGGTTTGCAGCTAAGGAGGACA 9158–9135 792
Mono-1i ATATGAGAGCCCCAGACACACAGCC 8571–8595
Mono-2i ACGATGTGGTGAGAGAAACACTCCT 9071–9046 500
Mono-3 TGGCGAGGGACTGCTTACAGAAGG 10630–10653
Mono-4 CACAGCCGGGGGTGCAATCA 11359–11340 730
Mono-5 ACAGGAGATGCGGAAGACCCCTC 12137–12159
Mono-6 ATCTCGCAGGTGGGACAACCCC 12962–12941 826
a Primer pairs were chosen from the L-protein gene using the Primer BLAST program (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
b The nucleotide position is indicated from the start of the Sf-rhabdovirus genome sequence (GenBank accession number KF947078).
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curated viral database (updated on 21 April 2012) and a nonribosomal
nucleotide database (updated on 28 March 2012) were done by use of the
BLASTN program.

Molecular phylogenetic analysis of L protein. Sequences for phylo-
genetic analysis were obtained from the database of nucleotide sequences
of viruses in the NCBI nucleotide collection (nr/nt) of GenBank using a
1,500-nucleotide (nt) fragment of the S. frugiperda rhabdovirus (Sf-rhab-
dovirus; corresponding to nt 916 to 2415 in the L-protein gene), which
included domain III and the adjacent upstream region that had the high-
est identity and the best alignment with the first 30 unique L-protein-
containing sequences obtained by TBLASTX analysis. Sequences were
aligned using the Muscle alignment tool with the BLOSUM substitution
model in the MEGA (version 5.1) program, and then phylogenetic trees
were generated using the maximum likelihood method on the basis of the
Whelan and Goldman (WAG) substitution model (14). The WAG sub-
stitution model was chosen as the most appropriate for use with the test
models tool in the MEGA (version 5.1) program (15). Similar trees were
seen using the Jones-Taylor-Thornton (JTT) model (40).

Infectivity analysis. The inoculum for the infectivity studies was fresh
supernatant collected from Sf9 cells (p20 and p24) at 95% confluence on
the day of infection that had been filtered through a 0.45-�m-pore-size
filter after a low-speed centrifugation at 329 � g for 10 min. Sf9 complete
medium was used as a control. Two independent infectivity experiments
were set up at 28°C and at 37°C. All target cells were split at 24 h before
infection. The first infectivity experiment was set up in 25-cm2 flasks by
incubating A204, A549, and Raji cells with 2.5 ml of test sample (p20) at
37°C for 2 h before adding 2.5 ml of target cell complete medium, after
which the cells were incubated for 24 h at 37°C. The second infectivity
experiment was set up in 75-cm2 flasks, in which incubating MRC-5,
Vero, High Five, and SL2 cells were incubated with 7 ml of test sample
(p24) at 28°C for 2 h before adding 7 ml of the target cell complete me-
dium, after which the MRC-5 and Vero cells were incubated for 24 h at
37°C and the High Five and SL2 cells were incubated for 24 h at 28°C.
Medium from all of the cultures was replaced with target cell medium
after washing 3 times, and the mammalian cell lines were further incu-
bated at 37°C and the insect cell lines were further incubated at 28°C. Cells
were passaged with complete medium replacement upon reaching 95%
confluence; mammalian cells were passaged every 2 to 3 days, and insect
cells were passaged every 5 days. Cultures of all cells continued until day
30, except for cultures of High Five and SL2 cells, which continued until
day 62.

The cultures were regularly monitored for cytopathic effect (CPE).
Filtered supernatants and washed cell pellets were collected and stored at
�80°C at every passage for RNA extraction and RT-PCR analysis.

Nucleotide sequence accession number. The GenBank accession
number for the Sf-rhabdovirus sequence reported in this paper is
KF947078.

RESULTS
Detection and identification of a novel rhabdovirus produced
from Sf9 cells. Rhabdovirus-like particles were detected by TEM
analysis of supernatant from Sf9 cells (Fig. 1). The number of viral
particles was estimated to be 2 � 109 per ml by thin-section EM, as
described in Materials and Methods. Particles seen in thin sections
are shown in Fig. 1A, and negatively stained particles are shown in
Fig. 1B to E. Some bacilliform viruses of about 170 to 190 nm in
length and 70 nm in width were seen (Fig. 1C and D). The bacil-
liform viruses seemed to have a head-and-tail structure and ap-
peared to be emerging from the envelope. Particles with the char-
acteristic bullet-shaped morphology of rhabdoviruses were also
seen (Fig. 1E). Since the heterogeneity of the structures was likely
due to sample preparation for negative staining, cryo-EM was
done to obtain a more accurate and detailed virus morphology
(Fig. 1F). No particles were seen in the medium control.

The identity of the virus particles seen by EM was determined
by RT-PCR analysis of a 1,000�-concentrated Sf9 cell superna-
tant with dERV and MOP degenerate primers, which were being
used to investigate the RT activity produced from Sf9 cells (16,
17). Several RT-PCR-amplified products were cloned into the
pGEM-T Easy vector, and nucleotide sequences were determined.
Pfam program and conserved domain and database (CDD) anal-
ysis of translated protein sequences indicated that a 1,300-bp
PCR-amplified DNA fragment had a high similarity (E value,
4.3e�72) with the RNA-dependent RNA polymerase (L protein)
of Mononegavirales. A BLASTN search against the NCBI nucleo-
tide database using the 1,300-bp fragment showed only limited
similarity with Taastrup virus (GenBank accession number
AY423355; 16% coverage and 66% identity; E value, �9). To ob-
tain the full-length viral genome associated with the 1,300-bp se-

FIG 1 EM analysis of Sf9 cell supernatant. (A to D) Images of pelleted virus from Sf9 cell supernatant (SGS Vitrology). (A) A thin section stained with 2% (wt/vol)
ethanolic uranyl acetate and Reynolds’ lead citrate; (B to D) negative staining with 2% (wt/vol) ammonium molybdate. (E) Negative staining of pelleted virus
after fixation in 2% paraformaldehyde and staining with 2% ammonium molybdate (Rocky Mountain Laboratories, NIAID, NIH). (F) Cryo-EM (NanoImaging,
Inc.).

Ma et al.

6578 jvi.asm.org Journal of Virology

http://www.ncbi.nlm.nih.gov/nuccore?term=KF947078
http://www.ncbi.nlm.nih.gov/nuccore?term=AY423355
http://jvi.asm.org


quence, we used this fragment in the CLC genomics workbench
software to interrogate the contigs generated from the reads ob-
tained by MPS. A contig of 6,103 bp corresponding to almost the
entire open reading frame (ORF) of the L protein was identified in
the transcriptome of Sf9 cells. Furthermore, a contig of 5,477 bp
that was different at one position (position 9624, T to A) from the
6,103-bp contig was identified in the RNAs from the Sf9 cell su-
pernatant, but the difference did not affect the ORF. Additional
virus sequences were determined by using the 6,103-bp contig as a
right-hand reference sequence to obtain left-side sequences as
overlapping fragments in a stepwise manner using BLASTN anal-
ysis of the contigs and reads from the transcriptomes of Sf9 cells.
The assembled sequences were 13,534 bp long and contained six
ORFs (each encoding proteins of �100 amino acids [aa]) and
relatively conserved intergenic region sequences (Fig. 2A and B,
respectively) (18, 19); five of the ORFs had the same rhabdovirus
genomic organization (3=-N-P-M-G-L-5=) and were similar in
length to those present in lettuce necrotic yellows virus (LNYV);
additionally, there was a short ORF of 111 aa (designated X in this
paper) between the genes for the G and L proteins. Since the ter-
minal leader and trailer sequences could not be identified with
confidence, the assembled Sf-rhabdovirus genome may not have
been full length. Analysis of the MPS data for the RNAs from Sf9
cells indicated that 0.49% of the total reads obtained mapped with
100% coverage against the assembled Sf-rhabdovirus genome ob-
tained from the transcriptome (Fig. 2C).

Sequence analysis of the six proteins predicted by the PSORT
(version WWW.6.4) program (http://psort.hgc.jp/), recom-
mended for use for prediction of protein localization sites in bac-
terial/plant/animal sequences, did not identify a nuclear localiza-
tion signal with certainty.

Sucrose gradient analysis of cell-free supernatant from Sf9
cells showed that the peak of RT-PCR amplification (using

primers Mono-1 and Mono-2) corresponded to fractions with
densities of 1.14 to 1.17 g/ml (data not shown). These densities
were similar to those of other viruses in the Rhabdoviridae (1.14
to 1.2 g/ml) (20, 21).

Sf-rhabdovirus sequence and phylogenetic analysis.
BLASTN, TBLASTX, and BLASTX analysis of the six ORF regions
of Sf-rhabdovirus showed that only sequences in the L and M
regions had significant, albeit limited, similarity (E-value, �0.1)
to known genes and/or proteins in the NCBI database. The
BLASTN analysis of the L-protein gene (6,423 bp) showed only
4% coverage in a 295-bp region, which contained 66% identity to
the L-protein gene of Taastrup virus. The TBLASTX analysis of
the L-protein gene of Sf-rhabdovirus showed that the highest hit
was with the translated amino acid sequences of Taastrup virus
(25% coverage [1,709 bp out of 6,423 bp] and amino acid identi-
ties ranging from 31% to 47%) (Fig. 3), followed by plant cytorh-
abdoviruses (18) (Fig. 3). BLASTX analysis of the L protein of
Sf-rhabdovirus showed 53% coverage (1,154 aa out of 2,141 aa)
and 27% identity to the L protein of lettuce yellow mottle virus
(LYMV); the Taastrup virus L protein was not identified since it
was not in the protein database of NCBI. BLASTN and TBLASTX
analysis of the M gene of Sf-rhabdovirus showed high nucleotide
and translated amino acid sequence identities (99% and 94% to
98%, respectively) with 100% coverage to a Bombyx mori mRNA
clone (GenBank accession number AK377209.1) that was ob-
tained from an ovary-derived cell line. However, no significant
similarity of the M protein to known viral proteins was found by
BLASTX analysis.

Conserved domain analysis using the Pfam (version 27.0) pro-
gram showed that the L protein of the novel Sf-rhabdovirus had
similarity to the RNA-dependent RNA polymerase (L-protein)
domain of the Mononegavirales (E-value, 2.1e�151). The L pro-
teins of the Mononegavirales have been found to share six con-

FIG 2 Genome analysis of Sf-rhabdovirus. (A) Genomic organization of Sf-rhabdovirus. The nucleotide positions of the start and end of each ORF are labeled
above and below the boxes, respectively, and the reading frames and putative proteins are indicated. (B) Intergenic sequences from the plus strand corresponding
to putative gene junction regions are shown. The putative polyadenylation signal, the untranscribed intergenic sequence, and the putative transcription start site
are indicated I, II, and III, respectively; consensus sequences are underlined and in bold. (C) Mapping of reads obtained from MPS transcriptome data of Sf9 cells
against the Sf-rhabdovirus genome sequence. The consensus sequence and coverage obtained using CLC genomics workbench software are shown.
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served domains (domains I to VI) (22, 23). Domain III is believed
to play an essential role for the RNA polymerase activity (24) and
contains four highly distinct and conserved motifs (22). Figure 4
shows the amino acid sequence alignment of the four motifs
(motifs A to D) in the putative domain III of diverse rhabdovi-
ruses and the Sf-rhabdovirus. These include Taastrup virus, a
newly discovered member of the Mononegavirales (25); a rhabdo-
virus of Drosophila melanogaster grouped with the genus Sigmavi-

rus (DMelSV) (26); LNYV, a plant-infecting rhabdovirus in the
genus Cytorhabdovirus (27, 28); and rabies virus, an animal-in-
fecting rhabdovirus in the genus Lyssavirus (29). The four con-
served motifs of domain III are present in the Sf-rhabdovirus L
protein, indicating that its potential RNA-dependent RNA poly-
merase function.

Due to the sequence divergence of Sf-rhabdovirus and known
rhabdoviruses, phylogenetic analysis was done using a fragment

FIG 3 TBLASTX analysis of the L-protein gene of Sf-rhabdovirus. The whole sequence corresponding to the L protein was queried against the NCBI nucleotide
database for viruses. Taastrup virus was the most relevant virus, with 25% coverage and 31% to 47% similarity. The color key for the alignment scores and the
results of the top hits are shown. Selected viruses are labeled with their GenBank accession numbers for reference.

FIG 4 Alignment of domain III of the L protein of Sf-rhabdovirus (Sf-RV) with L proteins of some other viruses in the family Rhabdoviridae. The amino acid
alignments of Sf-rhabdovirus (GenBank accession number KF947078) with Taastrup virus (Taastrup; GenBank accession number AY423355), sigma virus
HAP23 from Drosophila melanogaster (Sigma; GenBank accession number ACU65438), lettuce necrotic yellows virus (LNYV; GenBank accession number
YP_425092), and rabies virus strain PV-2061 (Rabies; GenBank accession number JX276550) are shown. Conserved motifs (motifs A to D) are boxed, and
identical amino acids are indicated (*). Amino acid positions are indicated from the start of the L protein.
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that contained sequences found to have the highest identity to
known viruses. These included the highly conserved domain III
region of rhabdoviruses and upstream sequences that had high
degrees of identity with Taastrup virus. The results showed that
the Sf-rhabdovirus branched with Taastrup virus (Fig. 5). Signif-
icant phylogenetic relatedness to other rhabdoviruses was lacking
due to low bootstrap values (�70). Additional phylogenetic anal-
ysis of amino acid sequences of the entire L protein of Sf-rhabdo-
virus with the L protein from a variety of other viruses showed
results similar to those seen with the highly conserved region (data
not shown).

Molecular investigations of Sf-rhabdovirus in other insect
cell lines. RT-PCR analysis of RNAs extracted from Sf9 cells and
from a 1,000�-concentrated supernatant using Sf-rhabdovirus-
specific primers showed that L-protein gene sequences were pres-
ent both in Sf9 cell RNA and in supernatant RNA (Fig. 6A). No

PCR products of the expected size were found in Sf9 cell DNA
(data not shown), confirming that the Sf-rhabdovirus virus is an
RNA virus that does not have a stage in which it is integrated in the
cell DNA.

To confirm that the Sf-rhabdovirus sequences were not intro-
duced as a contaminant during culturing of Sf9 cells in our labo-
ratory due to the use of animal-derived cell culture reagents, such
as medium, serum, or glutamine, RT-PCR analysis was done on
RNA extracted directly from original vials of Sf9 cells obtained
from ATCC (designated Sf9-A) and Invitrogen (designated Sf9-I),
as well as cells of the Sf21 cell line, the parental cell line of Sf9 cells.
The results shown in Fig. 6B indicated that the L-protein gene
sequences of Sf-rhabdovirus were similarly expressed in Sf9 cells
from ATCC and Invitrogen, as well as in cells of the Sf21 cell line
(lanes 2, 3, and 4, respectively). Similar analysis of insect cell lines
from other species using primer sets Mono-1/Mono-2, Mono-3/

FIG 5 Molecular phylogenetic analysis of Sf-rhabdovirus. The evolutionary history was inferred by using the maximum likelihood method based on the WAG
model (14). The tree with the highest log likelihood (�15,561.1192) is shown. The percentages of replicate trees in which the associated taxa clustered together
in the bootstrap test (1,000 replicates) are shown next to the branches (39) (values higher than 70% are indicated). The initial tree(s) for the heuristic search was
obtained automatically (default settings) by applying neighbor-joining (NJ) (41) and BioNJ (42) algorithms to a matrix of pairwise distances estimated using a
JTT model and then selecting the topology with superior log likelihood value. A discrete gamma distribution was used to model evolutionary rate differences
among sites (5 categories [�G, parameter � 0.9171]). The tree is drawn to scale, with branch lengths measured as the number of substitutions per site. The
analysis involved 33 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 338 positions in the final data
set. Evolutionary analyses were conducted in the MEGA (version 5.1) program (15). Human parainfluenza virus was used as an outlier.
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Mono-4, and Mono-5/Mono-6 did not detect Sf-rhabdovirus se-
quences in High Five cells (Invitrogen) or SL2 cells (ATCC) (Fig.
6B, lanes 5 and 6, respectively). Sequence analysis of faint bands of
unexpected sizes that were amplified from the RNAs of High Five
and SL2 cells using Sf-rhabdovirus primers indicated a cellular
origin and did not provide any evidence of Sf-rhabdovirus-related
sequences.

The alignment of sequences of PCR fragments amplified in two
separate reactions is shown in Fig. 7. The results showed a deletion
of 6 bp in both of the Sf9 cell lines compared to the sequence of the
Sf21 cell line, but the reading frame was maintained. The 6-bp
deletion seemed to have resulted from a direct repeat (shown in
Fig. 7), which may be indicative of Sf-rhabdovirus replication in
Sf9 cells. Additionally, there were 2 single-base-pair mutations
between Sf9 and Sf21 cell lines and 2 single-base-pair mutations

between the ATCC Sf9 cell line and the Invitrogen Sf cell lines;
however, all 4 single-base-pair mutations were silent. These re-
sults demonstrated that passage history and cell culture condi-
tions may result in mutations in Sf-rhabdovirus.

Infectivity analysis. The replication of Sf-rhabdovirus was
analyzed in human, monkey, and insect cell lines using freshly
collected supernatant, without freezing and thawing, to enhance
detection of an infectious virus. Additionally, incubation temper-
atures suitable for mammalian and insect cells were used to opti-
mize the infection. RNAs prepared from inoculated target cells
were analyzed by RT-PCR using Sf-rhabdovirus-specific nested
primers. The results of the first and second PCR amplifications are
shown in Fig. 8A. Sf-rhabdovirus-specific sequences were detected
at day 2 in all cell lines using nested PCR (lanes 2) and at day 20 in
the insect cell lines but not in the human cell lines or Vero cells
(lanes 3). The persistence of Sf-rhabdovirus sequences in the in-
sect cell lines was further evaluated by analyzing RNAs from the
filtered supernatant and from cells in long-term culture. The re-
sults of the first and second amplifications are shown in Fig. 8B.
The decrease in RNA expression with extended cell culture was
seen in the results of the 1st PCR assays, but the results were not
confirmed by quantification. Sf-rhabdovirus sequences were de-
tected by nested PCR analysis in RNAs of High Five cells until day
62, when the cultures were terminated (lane 7), and in SL2 cells
until day 34 (lane 5), whereas Sf-rhabdovirus sequences were de-
tected in RNAs obtained from the supernatants of High Five cells
at day 34 (lane 5) and from the supernatants of SL2 cells at day 6
(lane 3). These results indicate that Sf-rhabdovirus may poten-
tially infect other insect cell lines.

DISCUSSION

Rhabdoviruses are ubiquitous in nature and have a broad host
range, including invertebrates, vertebrates, and plants (30). Over
200 rhabdoviruses have been identified (31), and a majority of the
plant rhabdoviruses and some vertebrate rhabdoviruses use an
insect vector for transmission. However, only a few rhabdoviruses
have been directly isolated from insects or insect cell lines; these
belong to the order Diptera (such as sigma viruses in Drosophila
and Muscina flies [26, 32, 33] and the Culex tritaeniorhynchus
rhabdovirus [CTRV] in Culex mosquitoes [34]) and to the order
Hemiptera (such as Taastrup virus in the leafhopper [25]). We
report here the discovery of a novel rhabdovirus in the Spodoptera

FIG 6 RT-PCR analysis of Sf-rhabdovirus-specific sequences in insect cell
lines. (A) RNAs isolated from cultured Sf9 cells were analyzed by RT-PCR
using the indicated primer sets in the absence (�) and presence (�) of RT.
Lanes 1 and 2, cultured Sf9 cells; lanes 3 and 4, 1,000�-concentrated Sf9 cell
supernatant RNA; lane M, 100-bp marker, with selected sizes indicated on the
left. (B) RT-PCR analysis of RNAs from frozen insect cells. Insect cell lines
were analyzed by RT-PCR using the indicated primer sets. Lanes 2 and 3, Sf9
cells from ATCC and Invitrogen, respectively; lanes 4, Sf21 cells; lanes 5, High
Five cells, lanes 6, SL2 cells; lane 1, no-template negative control; lane M,
100-bp marker, with selected sizes indicated on the left.

FIG 7 Comparative analysis of Sf-rhabdovirus L-protein gene sequences in Sf9 and Sf21 cells. Nucleotide sequences of Sf-rhabdovirus were obtained from 2
independent RT-PCR amplifications, using primers Mono-1/Mono-2, Mono-3/Mono-4, and Mono-5/Mono-6, from Sf9 cells from ATCC and Sf9 cells from
Invitrogen (Sf9-A and Sf9-I, respectively) and cells of the Sf21 cell line. Sequences amplified from cells of each cell line in two independent PCRs were identical.
The sequence alignment of the three cell lines is shown. Underlining, codons with mutations; asterisks, mutation positions; arrow, direct repeats; dashes, deleted
bases. The nucleotide position on the viral genome is indicated from the 3= terminus.
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frugiperda Sf9 cell line, which is the first rhabdovirus found in the
order Lepidoptera. Our initial identification of Sf-rhabdovirus was
based upon the limited nucleotide sequence relatedness (4% cov-
erage with 66% identity) of a fragment amplified from the Sf9 cells
using degenerate PCR and an assembled large contig from MPS
data due to highly conserved domains in the L-protein gene. The
L-protein gene, which encodes the RNA-dependent RNA poly-
merase of Mononegavirales, is generally used for determining evo-
lutionary relationships between distantly related RNA viruses (22,
23, 35). The remainder of the virus genome was determined by
stepwise assembly of overlapping contigs and reads moving to-
ward the 3= terminus of the virus genome. Since the virus 3= and 5=
termini were not determined, the presence of an intact virus was
confirmed by EM of filtered supernatant from Sf9 cells, which
showed a virus with a rhabdovirus morphology (Fig. 1).

Analysis of the Sf-rhabdovirus genome indicated that it had 5
structural genes in a linear order, 5=-N-P-M-G-L-3=, similar to
other rhabdoviruses, with highly conserved intergenic regions
containing putative regulatory signals, such as transcription initi-
ation and termination signals separated by dinucleotides. The
nonoverlapping ORFs with highly conserved intergenic regions

identified in Sf-rhabdovirus is seen in most of the viruses within
the Rhabdoviridae and Paramyxoviridae (36). BLAST searches in-
dicated that in a limited region of the L-protein gene, Sf-rhabdo-
virus was highly related to Taastrup virus and was closely related
to plant viruses, especially the cytorhabdoviruses (18). Phyloge-
netic analysis also indicated that Sf-rhabdovirus and Taastrup vi-
rus branched together, but their relatedness to other viruses could
not be established because the sequence diversity resulted in low
bootstrap values (�70). However, Sf-rhabdovirus was distinct
from Taastrup virus, since it was not related to any known virus in
any other gene except in a limited region of the L-protein gene,
whereas the N protein of Taastrup virus was related to the N pro-
teins of several members of the Mononegavirales (25). Further-
more, Sf-rhabdovirus was distinct from plant rhabdoviruses, since
it had only one additional ORF, which was located between the G-
and L-protein genes, instead of several additional ORFs, with one
of those being between the P- and M-protein genes (37).

Sf-rhabdovirus was seen in Sf9 cells by EM analysis of the fil-
tered supernatant from Sf9 cells. The large number of extracellular
particles produced from the cells, which was estimated to be 2 �
109 per ml, indicated that the virus was most likely replicating in

FIG 8 RT-PCR analysis of Sf-rhabdovirus sequences in inoculated target cells. RNAs prepared from cells inoculated with filtered supernatant from Sf9 cells were
analyzed by RT-PCR using primers Mono-1/Mono-2 and nested primers Mono-1i/Mono-2i. (A) Cells were inoculated with Sf9 cell supernatant, and RNA was
prepared on day 2 and day 20 after inoculation (lanes 2 and 3, respectively). Lanes 1, RNA prepared on day 2 from cells inoculated with complete medium as a
control; lane �, no-template negative control; lane �, Sf9 cell cDNA-positive control. (B) RT-PCR analysis of cells inoculated with Sf9 cell supernatant. RNAs
were prepared from cells, and filtered supernatant was obtained from inoculated High Five cells and SL2 cells on day 2, day 6, day 20, day 34, day 49, and day 62
(lanes 2 to 7, respectively). Lanes 1, RT-PCR analysis of RNAs prepared on day 2 from cells inoculated with complete medium; lane M, 100-bp marker, with
selected sizes indicated on the left. Results of the first and second PCR amplifications are shown.
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the cells, and its persistence indicated that it was constitutively
produced from the Sf9 cell line. Furthermore, the virus had estab-
lished a persistent infection in Sf9 cells, since Sf-rhabdovirus se-
quences were also detected in the parent Sf21 cell line. Our infec-
tivity studies indicated that Sf-rhabdovirus infection may be
transient in other insect cell lines. The High Five cells, established
from Trichoplusia ni, seemed to be more susceptible to infection
than the SL2 cells established from Drosophila melanogaster. The
susceptibility of cell lines derived from Spodoptera and Trichoplu-
sia to Sf-rhabdovirus infection may have been because these spe-
cies belong to the same Lepidoptera family (Noctuidae), whereas
Drosophila belongs to the order Diptera. Infectivity studies indi-
cated the absence of Sf-rhabdovirus infection using a variety of
human cell lines. However, the study is based upon selection of
target cell lines in the absence of knowledge about the biology of
Sf-rhabdovirus. Therefore, it is prudent to demonstrate the ab-
sence of Sf-rhabdovirus in cells used for the manufacture of bio-
logical products by sensitive testing at different stages of manufac-
turing or incorporation of viral clearance steps in the production
scheme that can be validated using relevant model viruses (2).

The identification of the Sf-rhabdovirus in Sf9 cells was unex-
pected, since this cell line is used in the development and manu-
facture of biological products, and extensive testing of the cell
substrate for adventitious viruses is required (2). Our results in-
dicate the added value of using both conventional methods and
new virus detection technologies for evaluation of novel cell sub-
strates and define a potential bioinformatics strategy for detection
of novel viruses that have limited and distant relatedness to known
viruses. It should be noted that the MPS data were instrumental in
determining the assembled Sf-rhabdovirus genome and that other
broad virus detection technologies, such as virus microarrays and
broad-range PCR with mass spectrometry (Plex-ID system), were
not able to detect the novel Sf-rhabdovirus, since its sequence was
not related to the sequences of the primers used in this study,
which were based upon known viruses or virus families (38). The
bioinformatics analysis of Sf-rhabdovirus MPS data indicated the
limitations of BLAST searches and available databases. Our expe-
rience with the discovery of a novel virus, Sf-rhabdovirus, under-
scores that only a BLASTN search of the reference genome data-
base or a BLASTP search of the protein database would not be able
to detect a sequence like Taastrup virus. The study further high-
lights the need for a complete, reference virus database that rep-
resents all available unique sequences for obtaining confident re-
sults from the evaluation of biological products. The results also
indicate the need to further examine parameters for BLAST anal-
ysis to detect distantly related viruses. Thus, further refinement of
the technologies, bioinformatics pipelines, and databases is
needed to provide confidence in the detection of novel viruses.
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